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Abstract:  Three kinds of Al-Si piston alloys were prepared and subjected to pulse electric current treatment 
(PECT) at different pouring temperatures. Some aspects of the solidification microstructures were examined 
including the morphology and the distribution of the matrix and the secondary phases by using of optical 
microscopy (OM), SEM and EDS methods. Results indicate that PECT can reﬁ  ne the grains of a-Al in the alloys as 
effectively as chemical modiﬁ  cation by sodium salt. The processing parameters of PECT on the multi-component 
Al-Si alloys were then optimized through the testing of tensile strength, elongation and microhardness of the 
prepared alloys. A new theory was put forward to explain the mechanism of PECT.
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U
sing pulse electrical field refining grain structures has 
been investigated intensively, and applied to many 
kinds of metallic materials 
[1-9]. There were many signiﬁ  cant 
findings about the effects of pulse electric current treatment 
(PECT) on the mushy zone of alloys, which has been used 
for impurity transportation, but only limited studies have 
reported the results of such effect on the melt of alloys 
[10]. 
Researchers are still confused about why the electric field 
can work on the solidiﬁ  ed alloys. Some people stated that the 
growing crystals in the mushy zone can be burnt out, broken 
off or fractured by pinch force in PECT. Liao 
[11] argued that 
the solidiﬁ  cation microstructures of pure aluminum can only 
be dramatically refined by applying pulse electric current 
(PEC) during the nucleation rather than crystal growth stage 
or in a high temperature liquid phase. The reason is that pulse 
electric current makes the crystal nuclei formed on the wall 
of the mould fall off and drift in the molten metal, promoting 
the multiplication of crystal nuclei. L. N. Brush 
[12] presented 
a model for directional growth of the eutectic in the presence 
of an electric current and illustrated that electromigration was 
less important in affecting the changes in spacings at steady 
eutectic growth conditions. S. R. Coriell 
[13] considered the 
effect of the instantaneous application of an electric current 
on a binary alloy during directional solidification and used 
Laplace transforming techniques to analyze the solidiﬁ  cation 
characters when the electromigration and Thomson effect were 
neglected.
To clarify, this paper applied pulse electric current to the 
melt of Al-Si piston alloys to investigate whether or not pulse 
electric current can refine the solidification structures of 
alloys. Furthermore, the wear resistance and high temperature 
performance can be improved when the silicon content is 
raised to a higher level in the Al-Si piston alloys. However, 
this leads to inhomogeneous distributions of silicon phases 
not only in primary form but also in eutectic 
[14-16]. Some 
researchers adopted chemical addition method to modify 
the silicon morphology, such as sodium salt, but phosphorus 
can give rise to environmental pollution, over-modification, 
and errors in composition controlling 
[17-18]. Therefore, in the 
present study, the so-called external field treatment, more 
specifically, a PECT method has been used instead of the 
chemical modiﬁ  cation method, to verify the inﬂ  uence of pulse 
electric current treatment on the solidiﬁ  cation microstructures 
and mechanical properties of some selected Al-Si piston 
alloys. 
1 Experimental procedure
Three kinds of multi-component Al-Si alloys with different 
silicon contents were selected (Table 1), which covered the 
hypoeutectic, eutectic and hypereutectic compositions or 
types in the aluminum-silicon system. Starting with pure Al 25
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(99.7wt.%), pure Si (99.8wt%) and other alloying elements in 
analytical reagent, the alloys were melted in a electric-resistant 
heating crucible furnace to make ingots according to the 
nominal compositions. The samples prepared were named and 
listed in Table 2. Five different alloys were obtained based on 
the original composition and modiﬁ  cation status (i.e. with or 
without treatment) by sodium salt. 
Table 2 The naming of samples prepared
Original name Modiﬁ  cation Code name
HypoE
Y M-hypoE
N Unm-hypoE
E
Y M-E
N Unm-E
HyperE N Unm-hyperE
The alloys were melted at 780℃ and held  for a certain 
time, then the temperature of the melt was measured by an 
U 2.5mm chromel-alumel thermocouple, which was put into 
the crucible previously. As presented in Fig.1, all of the ﬁ  ve 
alloys were exposed to PECT via two electrodes with the same 
size and material shown in Table 3. Each alloy underwent 
the current at temperature of 750℃, 700℃ and 650℃, 
respectively in sequence. Then some samples were poured in a 
steel tube in size of U 22 mm × 45 mm and quenched in cold 
water at 750℃ and 700℃to obtain samples for solidiﬁ  cation 
microstructures analysis, the others were directly cast around   
650℃ into a mold to get standard samples for mechanical 
properties test, which was shown in Fig. 2. The acting 
positions of the electrodes were altered every 30 seconds in 
cross to ensure that all parts of the melt could be treated by 
the pulse electric current which worked 3-4 times at a certain 
temperature for certain areas. 
Table1 Nominal compositions of the experimental alloys (wt.%)
Name of alloys Si Cu Mg Mn Fe Zn Ni Ti Al
HypoE 9.5 3 1.5 0.8 1.0 0.0060 0.0060 0.0024 Bal.
E 12 1.5 1.0 0.9 0.4 0.2 0.3 0.2 Bal.
HyperE 17 4.5 0.65 0.15 0.5 0.10 — 0.20 Bal.
The input voltage of the pulse electric current was 2,000 V 
in maximum. Other generator parameters were shown as 90 µF 
of electric capacity, 0.24 s of the charge time of capacitors, 
0.013 s of the discharge time, and 4 Hz of the frequency for 
the pulse electric current, respectively. 
The quenched samples were cut in transverse section, and 
polished and etched by standard metallographical method for 
examinations of optical microscopy (OM), SEM and EDS. The 
etching reagent was aqueous solution of 0.5% HF in volume. 
The cast mechanical specimens were tested directly on a 
INSTRON 5569 tensile testing machine.  
2 Results
2.1 Effects of PECT vs chemical modiﬁ  cation
Figures 3 and 4 show the comparison between the effects of 
PECT and chemical modification on the microstructure of 
the alloys with 9.5wt% Si. The shape and size of the a-Al 
shown in Fig. 3(a) is almost the same as that in Fig.3(b). 
    Table 3 Character and size of the electrode used in 
experiments
Material Diameter (mm) Length (mm) Deepness in melt (mm)
Steel Ф10 230 60
Fig.1 A scheme drawing of the apparatus for PECT
Fig.2 A sketch of the metal mould for casting standard 
tensile samplesCHINA FOUNDRY
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The difference of color is perhaps due to the fact that the 
structure in Fig.3(a) is modified by chemical substance and 
that in Fig.3(b) by physical method. It appears that the grain 
refinement effect by chemical modification is equivalent to 
that by PECT for this composition of Al-Si piston alloy. 
It can be clearly seen in Fig.4 that the eutectic silicon of 
the alloy with 12wt.% silicon is more influenced than a-Al. 
Located among the a-Al is some eutectic silicon which is 
refined so sufficiently by chemical modification (Fig. 4(a)) 
that its structure is not nearly the same as the ﬂ  aky structure 
modified by PECT (Fig.4(b)). As is known that when the 
eutectic silicon is well reﬁ  ned, the negative effects including 
dissevering the matrix and increasing brittleness will be 
eliminated remarkably. This means that PECT does not work 
as effectively as the chemical modification on refining the 
eutectic silicon in the alloy with 12wt% silicon.
Fig.3 A comparison between the effects of chemical modiﬁ  cation (a) and PECT (b) on 
the alloy with 9.5wt% Si 
Fig.4 A comparison between the effects of chemical modiﬁ  cation (a) and PECT (b) on 
the alloy with 12wt.% Si 
2.2 Microstructure of α-Al
For the alloys with the Si content less than the 12.6wt.% eutectic 
composition for Al-Si alloy, the grain size decreases rapidly 
with the increase of PECT temperature, as shown in Fig.5. 
The grains of M-hypoE shrink from 52 µm to about 35 µm 
and the grains of Unm-hypoE shrink from 61 µm to 41 µm. 
Moreover, the grains of M-hypoE are smaller than those of 
Unm-hypoE at each of PECT temperatures due to the effect 
of chemical modiﬁ  cation. The curve varies remarkably for the 
alloys modiﬁ  ed at 680℃, considered as one of the optimum 
processing parameters of these alloys. Fig.5 Dependence of grain size on treatment temperature of PECT 
for samples with the silicon content less than 12.6wt.%27
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Fig.6 Dependence of PDAS on treatment temperature of 
PECT for samples of Unm-E and Unm-HyperE
As shown in Fig.6, when the Si content increases, PECT also 
has an effect on the primary dendrite arm spacing (PDAS) of 
a-Al of unmodified alloy. When the PECT temperature falls 
to 675℃, the PDAS of Unm-hyperE with 17wt.% Si content 
is at 13-14 µm, much smaller than that without PECT. Thus, 
675℃ is one of the optimum process parameters of these alloys. 
Both curves have inﬂ  exions near 690℃. Beyond it the PDAS of 
Unm-E increases, while the PDAS of Unm-hyperE decreases, 
which implies that PECT may have contrary influences on 
alloys with different silicon contents.
2.3 Morphologies of the primary and eutectic 
silicon
Figures 7 and 8 present the tensile fracture of Unm-hyperE 
(by SEM) and the corresponding EDS graphs, from which the 
primary silicon can be seen three-dimensionally. Figure 7 shows 
that the length/width ratio of the primary silicon with PECT is 
smaller than that without PECT shown in Fig.8. The shape of 
the primary silicon after PECT gets more spherical, unlike the 
cylinder-like structure found in the alloy without PECT, which 
promotes grain refining and increases their strength. Each 
of these factors can make contributions to easing the degree 
that the silicon dissevers its matrix and strengthening the 
alloy. In the meanwhile, it approves the fact that PECT makes 
difference in the growth of silicon.
Figure 9 shows that PECT also plays a part rule in the 
growth of the eutectic silicon that is made to grow into short 
rod like structure instead of the long one. The edge angles 
of them become less sharpened and the size and shape get 
smaller and more regular after PECT. This beneﬁ  ts to improve 
the strength and ductility of alloys. It can be seen that PECT 
not only makes the silicon phase in the matrix smaller but also 
makes them more uniform. The silicon growth is retarded, to 
some extent, from forming undesired shape and size.
Fig.7 Morphologies of primary silicon precipitated in a sample of Unm-hyperE cast at 675℃ with 
PECT and the related EDS result
Fig.8 Morphologies of primary silicon precipitated in a sample of Unm-hyperE cast at 675℃without 
PECT and the related EDS resultCHINA FOUNDRY
28
Vol.6 No.1
Fig. 9 A morphological comparison of eutectic silicon in samples of Unm-hyperE with PECT(a) and 
without PECT(b) cast at about 650℃
2.4 The tensile properties and microhardness
Table 4 lists the results of the tensile and elongation testing. 
The tensile strengths of test alloys are increased by 4.4%
–31.5%. Mostly, the elongation values are also improved, 
with the maximum increase at 84.6%. Table 5 shows that the 
average value of microhardness of most alloys with PECT 
increases by 12.08%–28.48%. It is worth mentioning in Fig.10 
that a single value, which was measured near the eutectic 
cells of the alloy with PECT, is 173.01 much larger than that 
without PECT.
Table 4 Comparison of the increments of tensile properties 
for alloys with PECT and without PECT
Tensile 
properties
Sample
Treatment
Increment 
% Without 
PECT
With 
PECT
Tensile 
strength   
(MPa)
Unm-hypoE 106.9 112.1 4.4
Unm-E 166.3 178.0 7.0
M-E 162.2 203.9 25.7
Unm-hyperE 142.6 187.5 31.5
Elongation 
(%)
Unm-hypoE 1.30 2.40 84.6
Unm-E 1.66 0.99 -40.4
M-E 1.28 2.08 62.5
Unm-hyperE 1.78 1.85 3.9
Table 5 The microhardness (HV) in average of testing 
alloys with and without PECT
Sample
Microhardness (HV)
Increase (%)
Without PECT With PECT
Unm-hypoE 88.73 114.30 28.48
M-hypoE 128.29 149.83 16.79
Unm-E 122.09 136.84 12.08
Unm-hyperE 145.61 163.37 12.20
Figure 11 shows the effects of PECT on the microhardness 
of the alloys with different silicon contents. There is an 
inﬂ  exion for each curve of the alloys cast at 700℃ and 750℃, 
respectively. Obviously, the higher  the silicon content, the 
better the PECT effect for alloys cast at 650℃. For the other 
two alloys, the PECT effect of 12 wt.% silicon content or more 
performs better than that of its silicon content less than 12 wt.%.
Fig.10 The microhardness of solidiﬁ  cation microstructures 
in Unm-E with PECT(a) and without PECT(b)
Fig.11 Dependence of microhardness on silicon 
content of samples with PECT29
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2.5 Morphology of the secondary phase
Mg2Si, Al2Cu and Al3Ni are common precipitates in the 
microstructures of Al-Si piston alloys, which make great 
contributions to some of the vital properties like wear 
resistance and high temperature strength. Their distributions 
and morphologies are usually not so uniform or appropriate 
so that their existence decreases the ductility of alloys, then 
dissever the matrix, counterweighing their positive effects.
It can be seen from Fig.12 that PECT can affect the 
morphologies and distribution of the precipitates. Mg2Si with 
PECT grows smaller than that without PECT. Figures 12(c) and 
(d) show two different types of growth of the Al2Cu phase. One 
seems spherical dispersed in the matrix of a-Al and the other 
seems dendrite randomly distributed. Al3Ni shown in Figs.12(e) 
and (f) grows on the eutectic silicon but in different ways. Figure 
13 is to conﬁ  rm the real distribution of Al3Ni in Fig.12(e).
Fig.12 Morphologies of precipitates: Mg2Si, Al2Cu, Al3Ni in Unm-hypoE cast at 650℃ with 
            PECT (a), (c) and (e), and without PECT (b), (d) and (f)
Fig.13 EDS of composition of Al3Ni phase preticipated 
of Unm-hypoE after PECT
According to the metallographic results above, PECT makes 
real difference in inﬂ  uencing the morphology of the secondary 
phases in piston alloys and works positively to some of them, 
although the mechanism remains to be studied further.
3 Discussion
S. R. Coriell 
[13] assumed that the electric current is sufﬁ  ciently 
small that its application can be treated as a small perturbation 
which can enhance the stability of the liquid/solid interface in 
the mushy zone. Electromigration caused by the application 
of the pulse current occurs during the pre-solidification and 
solidification. It makes the solute or impurity transport due 
to their different electrical conductivity, according to S. Dost 
and his coworkers 
[19]. However, a different view was given   
to demonstrate the solidification mechanism in the presence 
of the pulse current considering that electric current not only 
generates electromigration but Thomson effect and Seebeck 
effect etc. 
[20]. Thus, this paper analyzed the problem in a 
distinct way. 
By Differential Scanning Calorimetry (DSC), the 
solidification temperature ranges of alloys with certain 
compositions were obtained (Fig.14 and Table 6). While PECT 
is working it is easy to know whether the alloy is liquid or not, 
as long as the PECT temperature is given.
When the Al-Si piston alloys were subjected to pulse electric 
current at 750℃, 700℃ and 650℃, they were all liquid. The 
nucleation had not started yet. We ignored the influencing 
5 µm
(e)
5 µm
(f)
5 µm
(d)
5 µm
(a)
5 µm
(b)
5 µm
(c)CHINA FOUNDRY
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mechanism of electric current on alloys in mushy zone. In 
other words, when the alloys started to solidify, there was 
no PECT to interfere. Since only a few views were proposed 
on the mechanism of electric current in the mushy zone of 
alloys, it is difﬁ  cult to tell which is appropriate. The present 
case only discusses the mechanism before solidification to 
reveal what effects PECT may have indeed on the subsequent 
solidiﬁ  cation. There are some assumptions made to deduce it.
Because the total content of the alloying elements is less 
than 5wt.%, the multiple component Al-Si alloy is treated as 
Al-Si binary system approximately for analysis. According to 
a binary regular solution model 
[21], there are Al-Al, Al-Si and 
Si-Si atom groups in the Al-Si melt. Under the solid-liquid 
binary phases equilibrium conditions:
                                                              (1)
and assuming that  ,  , there are:
                                   (2)
                                   (3)
                                   (4)
                               (5)
where 
   -The chemical potential of X in solid phase
            (X refers to Al and Si);
   -The chemical potential of X in liquid phase
            (X refers to Al and Si);
  -The mole content of X in solid phase
            (X refers to Al and Si);
  -The mole content of X in liquid phase
            (X refers to Al and Si);
Fig.14 Curves showing DSC results for the selective alloys
  -The Gibbs free energy of X in solid phase
            (X refers to Al and Si);
  -The Gibbs free energy of X in liquid phase
             (X refers to Al and Si);
-The interactional energy of Al–Si groups in solid     
phase; 
-The interactional energy of Al–Si groups in liquid 
phase;
The liquid-solid phase transformation drive of the two 
components is:
   
                                     (8)
                               (9)
                         (10)
Where
     — coordination number; 
   — Avogadro constant;
  ,  ,   — The bonding energy of Al–Si, Al–Al 
and Si–Si atoms in solid phase;
,  ,  — The bonding energy of Al–Si, Al–Al 
and Si–Si atoms in liquid phase.
By putting  ,   into (11), and letting 
, the following can be constructed. 
       
In formula (12), the value of A is constant at certain 
temperature and pressure as seen in equation (10). When the 
melt is subjected to pulse electric current, the following and 
the last items are constant, too. This suggested that it is the 
pulse electric current acting on the melt that makes 
higher. The items   and   are less affected due to 
their weak electric conductivity, so that the   is reduced, 
see equation (9). This leads to 
Sample
Experimental temperature range 
(℃)
Unm-hypoE 542 – 628
 M-hypoE 506 – 610
Unm-E 530 – 589
M-E 527 – 590
Unm-hyperE 500 – 587
Table 6 Experimental liquid/solid temperature ranges of 
testing alloys
(6)
(7)
(11)
(12)31
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                          0
L L
Al Si
α α µ µ
→ → ∆ −∆ <                      (13)
That is 
L L
Al Si
α α µ µ
→ → ∆ > ∆  meaning that thermodynamically Al 
formation in liquid-solid phase transformation is much easier 
than Si under the same conditions in Al-Si binary system. 
In other words, the nucleation of a-Al is promoted, and the 
nucleation of Si is suppressed relatively. There are much more 
nuclei of a-Al than those of Si during solidification. This 
explains in part why the grains and PDASs of a-Al are reﬁ  ned, 
and the size and distribution of Si become small and uniform, 
respectively.
In addition, the growth of those secondary phases is 
interfered actually in their nucleation and solidiﬁ  cation stages 
according to Figs.10 through 13, although the mechanism is 
not clear yet. Just because of this, it is worth investigating 
much further.
4 Conclusions
PECT makes the same contribution as chemical modiﬁ  cation 
in terms of refining of a-Al grains, although it works less 
effectively in improving the morphology of the eutectic 
silicon. When it is applied alone, PECT signiﬁ  cantly reﬁ  nes 
grains and PDASs of a-Al and improves the conﬁ  guration of 
the primary and eutectic silicon. The results of mechanical 
properties reflect that the alloys after PECT appear much 
stronger and more ductile than those without PECT. Moreover, 
PECT works better for alloys with higher Si content. The 
growth of the secondary phases that are vital for applications 
of Al-Si piston alloys can be affected considerably by PECT , 
and this subject  is expected to be studied  much further.
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